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INTRODUCTION

Previous studies [1-7] have analyzed the use of the CO, chemisorption on the field of the carbon-gas
reactions catalyzed by calcium. The results clearly show that this technique allows to understand its
catalytic activity and to gain insight into the mechanism of the reaction. Important aspects of these
studies are: 1) The chemisorption of CO, at 573 K (5-30 min) on carbons containing calcium is
restricted to the surface of the CaO particles and therefore, can be used to determine the area (and
dispersion) of the catalyst particles [1, 2, 3]. 2) Temperature programmed desorptions (TPD) of
calcium-carbon samples after CO, chemisorption give information about the calcium-carbon contact,
which is responsible for the catalytic activity [4, 5. 3) Quantification of such contact provides the
number of catalytic active sites (CAS) of the catalyst, which is used to normalize the CQ, and steam
reactivities of samples with different calcium loading or with different calcium sintering degrees, and
to obtain kinetic parameters of interest with respect to the mechanism of the carbon-gas reaction
catalyzed by calcium [6, 7].

Information about the mechanism of the reaction have been deduced from TPD of calcium-carbon
samples previously contacted with CO, using the following reasonings: i} During the increase in
temperature in a TPD run, a redistribution of the CO, is produced among the CaO particles. ii) The
CO, diffuses from the external surface to the calcium-carbon contact yielding to the formation of
CaCO,-C species. iii) The decomposition of these species, which is produced at a higher temperature,
takes place through the catalyst-carbon contact, by means of a two steps gasification mechanism [5,7}:

CaCO;-C ~ CaO-C(0) + CO (1)
Ca0-C(0) — Ca0-C + CO 2

Accordingly to this mechanism, two types of CO should be evident; one coming from CaCO, and the
other from the oxidized carbon atom. In other words, the reactive CO, molecule (*CO,) which
proceeds from CaCO, through its contact with the carbon should give rise to two types of CO. Two
types of CO have also been distinguished recently from TPD experiments in the case of potassium [8].

From the above mentioned studies -CO, chemisorption and TPD- it was not possible to distinguish
these two types of CO because, under the experimental conditions used, they appeared very close.
Changing the experimental conditions, as it has been done recently with TPD under vacuum [9}, or
using isotopically labelled molecules, as done in this paper and in a previous one [10}, the two steps
of the mechanism of the carbon gasification and the two different CO can be clearly distinguished.
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The present paper deals with a series of TPD experiments performed in carbon samples with different
calcium loadings and obtained after submitting these samples to a chemisorption process with *CO,
at different temperatures.

EXPERIMENTAL
Samples

The samples used have been extensively described elsewhere [1, 11]. In short, this study concerns
with a high purity carbon, obtained from a phenol-phormaldehyde resin oxidized by HNO, to create
oxygenated surface groups. Calcium is added by means of ionic-exchange or impregnation using a
calcium acetate solution. The nomenclature of the samples is the following: A2 (corresponding to the
oxidized carbon) followed by I or II, in order to distinguish between impregnation and ionic
exchange, and by a number, indicating the amount of calcium loaded.

TPD after “CO, interaction. Experimental procedure

The experimental procedure used to obtain the TPD spectra after interaction with *CO, consists of
the following steps: i) heating of the calcium-carbon sample in He up to 1223 K at 20 K/min heating
rate; ii) cooling of the sample in He atmosphere to the treatment temperature (T) (i.e. 573 K or 773
K); iii) when the T, is stabilized, He is switched to Ar; iv) Ar is switched to >CO, and the contact
with *CO, is maintained for 1-1.5 minutes; v} TPD in He (20 K/min) up to 1223 K. The flow rates
used were 30 ml/min (25°C, 1 atm).

All data are obtained by MS analysis and all signals are corrected for fragmentation and MS
sensitivity.

RESULTS AND DISCUSSION
TPD qfter °CO, interaction

Figure 1 presents the TPD spectra obtained after *CO, chemisorption at 573 K on samples A2-11-2.9
and A2-I-1.3; Figure 2 shows the same experiment but after *CO, treatment at 773 K on sample A2-I-
1.3. In all the TPD runs, the evolution of 2CO, "*CO, '2CO, and "*CO, with temperature has been
followed. The plot of the total CO and CO, evolution for the sample A2-1I-2.9 (Figure 3) is similar
to the TPD spectrum obtained from this sample after '>CO, chemisorption at 573 K [4], using a
different coupled MS-reactor system, which shows the reproducibility of these experiments,

Figures 1 and 2 show that the TPD spectra consist on two *CO, peaks and one '2CO, peak, together
with a ®CO peak and a *CO one. The baseline for the CO does not recover the starting value and
an increase in the '2CO signal at temperatures higher than 1123 K is observed. This amount released
at temperatures higher than 1123 K is independent of the calcium content, as can be deduced from the
comparison of the TPD spectra of the samples A2-II-2.9 and A2-I-1.3 (Figure 1). In a previous
publication [4] it was pointed out that the CO evolution profile observed at high temperatures
corresponds to the decomposition of relatively stable oxygenated surface groups from the carbon itself,
which may need temperatures higher than 1300 K for a total decomposition [12, 13]. This
interpretation is confirmed by comparing Figures 1 and 2. In fact, the TPD spectrum of Figure 2 has
been obtained after that of Figure 1b using the same sample, whereby, the sample has been submitted
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to an additional heat treatment that produces a decrease in the number of surface C(O) complexes
evolved at high temperatures.

In spite of the fact that the global TPD spectrum (Figure 3) is similar to the resulting after 2¢CQ,
treatment, it is obvious that the use of 1*CO, allows us to obtain additional information about the
calcium-carbon interaction. In this sense: i) three CO, peaks (two '*CO, and one '*CO,) can be
distinguished (Figures 1 and 2), whereas a two peak CO, profile is observed in Figure 3; ii) two CO
peaks are differentiated (one *CO and one '>CO). This last point constitutes the most relevant aspect
of the results of these TPD experiments, because it is in agreement with the two steps mechanism
previously proposed from the analysis of TPD runs. These TPD were obtained in He after contacting
12C0, [4] and from the same kind of experiments but performed under vacuum [9]. This mechanism
consists of two steps (reactions (1) and (2)), the *CO proceeding from the decomposition of active
Ca®CO,, that is to say, Ca®CO, in the interface of contact with carbon (step (1) of the mechanism)
and the '*CO coming from the decomposition of the oxidized carbon sites (CaO-C(0)) of the CaO-
carbon interface (step (2) of the mechanism). As this second process constitutes the determining step
of the gasification mechanism, the ?CO is released at higher temperatures than the *CO, as it is
observed in Figures | and 2.

" The interpretation of the different CO, peaks that appear in a TPD experiment, requires a more

detailed analysis. It seems clear that the first *CO, results from the surface or bulk calcium carbonate
decomposition (inactive catalyst, which is not in contact with the carbon). This argument is in
agreement with previous results [4, 5] in which was observed an increase in the amount of this first
CO, with calcium loading. This assignment is also confirmed by the shift observed in the peak
maximum to higher values with increasing the CO, treatment temperature (Figure 1b and 2). When
T, is higher than 573 K, the bulk calcium carbonate formation starts and hence, the CO, uptake
increases. During a TPD experiment, this bulk CaCO, decomposes partially to the gaseous phase,
increasing the CO, contribution of the first *CO, peak, and shifting the peak temperature to higher
values (Figures 1b and 2). It must be emphasized that this reasoning is in apparent contradiction with
TPD experiments previously presented [4], obtained in a sample with a 3.7 Ca wt% (A2-1-3.7). In
these experiments, the amount of CO, related to the first peak remains constant with T,, while the total
CO evolved increases with T,, indicating that the bulk CaCO, decomposition is produced mainly
through the interface. The discrepancy in the behaviour perhaps is due to the different initial
dispersion of the samples studied (0.49 for the A2-I-1.3 and 0.60 for the A2-1-3.7). In any case, a
more detailed study is necessary with labelled molecules to make clear this point.

In relation to the two CO, peaks (*CO, and '*COQ,) that appear at temperatures close to the CO ones
(*CO and '*CO respectively), the following possibility can be proposed to explain their origin:

The 1BCO, originated from the dissociation of the Ca'*CO; of the interface and the '?CO, released
during the decomposition of the oxidized carbon sites (Ca0-C(0)), can react with oxidized carbon sites
while leaving the porous network of the carbon and/or while leaving the CaO-carbon interface.
Therefore, some *CO, or 2CO, can be attributed to the following secondary reactions:

1200 + Ca0-C(0) « CaO-C + CO, 16}
1BCO + Ca0-C(0) = Ca0-C + CO, @

However, from the argument proposed we are unable to explain all of the experimental results. In
fact: i) TPD experiments performed under high vacuum after CO, chemisorption at 573 K [9], show
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only two CO, peaks whose maxima do not coincide with any of the two CO peaks observed in these
experiments; this result indicates that there is some CO, that is not produced from secondary and/or
parallel reactions. It must be pointed out that under high vacuum conditions, no secondary reactions
of CO are observed. ii) The ratio CO/CO, calculated from TPD experiments of samples with different
calcium sintering degree, decreases with increasing calcium sintering [4, 5]; in this case, should
secondary reactions take place, this ratio should be constant. These two results indicate another
possibility.

Some *CO, of the second peak may also come from Ca'*CO, decomposition that is in contact with
the carbon. This decomposition is produced without dissociation of the *CO, molecule:

K

B3CaCO,-C «~ Ca0-C + *CO, (5)

Considering these arguments, it is possible to explain the origin of the different CO, peaks observed
in the TPD experiments obtained after '*CO, treatment.

Mechanism of the reaction

From the above results it is possible to confirm the mechanism by which the CO, chemisorbed on the
CaO reaches, during a TPD experiment, the catalyst-carbon contact and to strengthen the previously
proposed mechanism for the carbon-gas reactions catalyzed by calcium [4,5].

BCO, contact with the calcium-carbon samples.
8T, =53 K

When the calcium-carbon sample, previously heat treated in He up to 1223 K, is contacted with *CO,
at T, = 573 K, the CO, interaction is restricted to the CaO molecules on the surface of the particle
[2,3]. At this temperature no dissociation of the *CO, molecule is found as shown in Figure 4a, in
which Ar flow is switched to ®CO, for 1.5 minutes and then to Ar. Of course when the Ca0 is highly
dispersed, as it occurs in the sample A2-11-2.9 (in which the dispersion degree is 0.56), the catalyst
should be as small particles (cluster) where the differentiation between surface and catalyst-carbon

interface could not be justified. In any case, particle or cluster, the CO, interaction can be presented
as:

Ca0 + BCO, = Ca®C0O, (surface of the particles)
CaO-C + BCO, = Ca’®CO,-C (interface of the cluster)

b S5BK < T, < 823 K.

In this temperature range bulk carbonation occurs [3-5] and, as it is shown in Figure 4b, a small “CO
peak from Ca®CO, decomposition is found. Interestingly, the corresponding 2CO from carbon
gasification is not found, indicating the dissociation of the CaO-C(O) species does not takes place.
Temperatures higher than 823 K are needed to produce the CaO-C(QO) complexes evolution, as shown
in the TPD experiments of Figures 1 and 2. This type of results are noteworthy because they also
allow to distinguish the two types of CO above mentioned. If the dissociation of the Ca'*CO, takes
place without evolution of "’CO, it is clear that the "CO, in this temperature range reaches the
interface catalyst-carbon in agreement with previous findings [4,5]. The processes involved are:




Ca0 + BCO, -~ Ca®CO, (bulk and surface processes)
Ca0-C + PCO, = CaPCo0,-C
CaCO;-C ~ Ca0-C(0) + PCO

c) T, > 823 K.

At temperatures higher than 823 K the '*CO, reaches the interface and, because the temperature is high
enough, in addition to its dissociation, there is also the gasification of carbon and hence the evolution
of the oxygen carbon complexes (CaO-C(0O)).

Ca'®C0,-C -~ Ca0-C(0) + CO
Ca0-C(0) — CaO-C + CO

TPD afier *CO, chemisorption at 573 K.

a) During heating in He of a calcium-carbon sample which has been submitted to a chemisorption
process in *CO; at 573 K, the '*CO, previously chemisorbed on the surface of the CaO particle is
being redistributed. The *CO, reaches and occupies the calcium-carbon interface and part remains on
the external surface.

b) As the heating proceeds, the Ca">CO, on the surface of the particle (which is not in contact with
the carbon), decomposes giving *CO,. Part of this >CO, may interact with active carbon sites
producing oxidized carbon atoms C(O) and >CO. It could be observed in Figures 1 and 2 that parallel
to the appearance of the *CO, there is also a shoulder in the *CO peak.

Ca®CO, (surface) = CaO (surface) + *CO,
BCO, + C; = CO + C(0)

c) At higher temperatures the active CaCO, in the catalyst-carbon contact, which could form an
intermediate CaO-*CO,-C, decomposes giving:

CaCO,-C = Ca0-C(Q) + “CO

Most of the PCO peak of the Figures 1 and 2 comes from this reaction. Using TPD experiments in
vacuum [9], it has been observed that this process is strongly affected by pressure (a shift of = 100
K in the peak temperature is observed), indicating that this step is mainly in equilibrium. This fact is
in agreement with the first step of the widely accepted mechanism of the carbon-gas reaction [14-16].

COo, + ;= C(O) + CO

d) At higher temperatures (as shown in Figures 1 and 2) the decomposition of the oxidized carbon
atoms in contact with the catalyst takes place, giving rise to the *CO peak.

Ca0-'’C(0) —» CaO-C + ’CO

) Both the PCO, and the “CO, produced may also be ascribed to a secondary and/or parallel
reactions between the large number of *CO released and oxidized carbon atoms.
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1BCO, + Ca0-C(0) » CaO-C + CO,
12CQ, + Ca0-C(0) » CaO-C + CO,

f) Part of the CaCO, in contact with the carbon (maybe the perimeter of the contact zone) decomposes
at slightly higher temperatures giving rise to part of the second *CO, peak of Figures 1 and 2, which
is superimposed with the "CO, formed from the secondary and/or parallel reactions (point e). The
CO, released as a consequence of this decomposition is clearly distinguished in the TPD experiments
performed under vacuum [9].

CONCLUSIONS

TPD experiments performed in carbon samples with different calcium loadings which were previously
contacted with '*CO, at 573 K and 773 K, have allowed to distinguish clearly two types of CO
produced: PCO as a consequence of the dissociation of the CO, coming from active CaCQ,
decomposition at the catalyst-carbon contact- and 2CO coming from carbon gasification -via
decomposition of the oxidized carbon sites-. These two CO peaks of similar intensities confirm the
following steps of the mechanism of the CO, gasification of carbon catalyzed by calcium:

CaCo, = Ca0-C(0) + PCO
Ca0-C(0) — Ca0-C + 2CO
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Figure 1. TPD-MS spectra obtained after *CO, chemisorption at 573 K on samples: a) A2-II-2.9 and

b) A2-I-1.3.
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Figure 2. TPD-MS spectrum obtained after
BCO, treatment at 773 K on sample
A2-1-1.3.
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Figure 3. Total CO and CO, evolutions after *CO,
chemisorption at 573 K on sample
A2-112.9 (—, CO; —, COy).
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Figure 4. a) *CO, chemisorption at 573 K on sample A2-11-2.9; b) “CO, chemisorption at 773 K
on sample A2-1I-2.9.
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